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tubular component is loaded by two internal split halves to simulate stress-biaxiality conditions as occurs 
during application of internal pressure. The materials used for this study are thin-walled zirconium alloy tubes 
which are used as fuel-clad tubes in nuclear reactors. 
A detailed experimental work has been carried on different types of thin walled tubes (of different sizes and 
crack lengths) in order to establish the geometry dependent functions for the evaluation of the stress intensity 
factors. Finite element (FE) simulations have been carried out for computing the stress and strain fields near the 
crack tip of the specimens. The actual 3D geometry of the tube along with the loading mandrels has been 
modeled in this work. The load-displacement behavior of the specimen obtained from FE analysis has been 
obtained with those of experiment. In addition, extrapolation techniques have been used to determine the stress 
intensity factor (SIF) solutions for the cracked tubes as a function of crack length. In an earlier work [1], the 
geometric functions were evaluated as a function of crack length to width ratios ( )a W  for the fuel pins of 
Indian Boiling Water Reactors (BWR), i.e., 13.3 mm mean diameter and 0.9 mm thickness. The geometric 
functions are dependent upon the compliance of the specimens and the compliance depends not only upon the 
a W ratios but also upon the diameter to width ( )D W and the thickness to width ( )t W ratios of the 
specimens. Hence, the earlier geometric functions cannot be applied to fuel pins of different dimensions. In this 
work, the authors have developed a geometric function dependent upon the ( )D W and ( )t W ratios, which 
can be used to evaluate the stress intensity factors of these tubes with axial cracks. The shape functions as 
derived through FE analysis have been compared with those of experiment conducted on various types of 
geometries of PLT specimens. Later, the crack growth information during the testing of the PLT specimens 
have been obtained through the use of a load-normalization technique, which is used subsequently in evaluation 
of J-R curves of the fuel pin specimens. 
2. Analytical estimation of geometric functions for SIF evaluation 
We have used two methods to estimate the geometric functions for SIF. Both the methods use the 
experimental compliance data. Their difference lies in the fitting function used for analysis. The experimental 
compliances for various specimen geometries are obtained from the slope of the linear portion of the load-
displacement data. In the first method, the strain energy release rate G  is expressed as a function of 
compliance C with the definition of the same as a function of SIF as 
22
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where B is the thickness, W is width, E′ is effective Young’s modulus (assuming plane strain or plane stress 
conditions), P is load and a is the crack length of the specimen. From the above definition, the geometric 
function ( )f a W can be derived once dC da is known. In the second approach, the a W ratio is 
expressed in terms of a non-dimensional quantity Z as 
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  (2) 
Where Z is related to the compliance C through two additional parameters ν and e as 
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The additional parameters introduced in Eq. (3) are determined from experimental data of compliance C as 
a function of a W . Finally the geometric function ( )f a W is obtained as 
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The details of the procedure for evaluation of the geometric factor by this method are provided in Ref. [1]. 
3. Finite flement analysis of the PLT setup 
For the finite element analysis, the whole Pin-Loading-Tension experimental setup (i.e., the tubular 
specimen as well as the mandrel) has been discretized in 3D domain. This is very essential as the load is 
applied at the end of the mandrel and this in turn loads the cracked tubular specimen in opening mode. The 
loading apparatus along with the specimen is shown in Fig. 1. The tubular pin specimen goes on the mandrel on 
the left side of the loading device as shown in Fig. 1. Taking into account of the symmetry in specimen 
geometry, crack and loading configuration, one-fourth of the test setup has been modeled. 
 
 
All dimensions are in mm 
 
 
Fig. 1. Sketch of the cracked tubular specimen. Fig. 2. Results of geometric factor ( )f a W for a PHWR fuel pin 
specimen. 
 
A prescribed displacement is applied at the end of the mandrel is y-direction and the movement of the 
loading point is restricted in the x-direction (i.e., direction of length of the tube) as this point is attached to the 
loading axis of the machine. The un-cracked ligament of the tubular specimen is fixed in the y-direction 
(however, this is free to move in x and z-directions) in order to take into account of the symmetry condition. 
The line of the loading pin (which acts like a fulcrum) is also fixed in y-direction only. The symmetric plane of 
the tubular specimen as well as of the mandrel is fixed in z-direction only in order to consider the symmetric 
boundary condition. The FE discretization consists of 20-noded iso-parametric brick elements with 3x3x3 
Gauss point integration (full integration scheme). The FE analysis has been carried out in order to evaluate the 
stress and strain throughout the specimen. In this work, we have followed the displacement extrapolation 
method to calculate the stress intensity factor (SIF), where the SIF can be written as (neglecting higher order 
terms) 
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Where IK  is stress intensity factor in opening mode of the crack, v  is the opening displacement ahead of 
crack tip, r is the distance from the crack tip, ( )21E E ν′ = −  for plane strain loading condition and 
E E′ =  for plane stress loading condition, and E ν  being the Young’s modulus and Poisson’s ratio for the 
material respectively. 
4. Evaluation of crack growth using load normalization technique 
Direct evaluation of crack growth during loading of small and thin tubular specimens is often cumbersome. 
Especially, in high rate loading conditions, aggressive environments such as high temperature, hydrogen 
atmosphere, irradiation etc., it may not be possible to directly measure the crack growth using conventional 
techniques such as ACPD (Alternating Current Potential Difference), DCPD (Direct Current Potential 
Difference), acoustic emission, ultrasonic techniques etc. Use of multi-specimen test techniques may be 
expensive and time consuming. Moreover, there can be variability in the toughness properties among the 
specimens. 
The unloading compliance method may also incur significant error in crack growth estimation if there is 
significant nonlinearity in the unloading load-displacement curve due to various conditions such as change in 
contact conditions, nonlinear material relaxations, precision of instrument for compliance measurement etc. In 
the load normalization method, the load is normalized by a geometry function and then a deformation function 
can be expressed as the relationship between the normalized load and the normalized plastic displacement. To 
determine the instantaneous crack growth during loading, the deformation function can be described by a 
power function with two calibration points or by a function with three calibration points. This is as per 
recommended procedure of annexure A15 of ASTM E1820. The calibration points are the data points at which 
the load, displacement and crack length must be known simultaneously. These data points are usually 
determined from the fracture surfaces of tested specimens. 
In this method, the load-displacement curves obtained from the test, are normalized using suitable 
normalization functions as discussed below. The load iP at any point i, up to the maximum load is converted to 
a normalized load NiP as 
( )'2 pl
i
Ni
bi
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tW W a W
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−¬ ¼
  (6) 
where t  is the thickness of the specimens, W is the specimen width including the loading fixture, plη is the 
geometric factor which is also used in the evaluation of plastic part of the J-integral. The term 'bia  is the 
blunting-corrected crack size at the ith data point and is written as 
' '
0 2bi i Ya a J σ= +
  (7) 
where 0a′  is the crack length at the start of the test and Yσ is the material flow stress (i.e., average of yield and 
ultimate stress. The parameter Ji is the J-integral value for the ith loading point based on initial crack length a0. 
The J-integral has two parts, i.e., elJ and plJ and these are calculated as 
2
el IJ K E′=
  (8) 
where IK is the mode-I elastic stress intensity factor, E′ is equal to Young’s modulus E corresponding to 
plane stress condition and ( )21E υ− corresponding to plane strain, υ  is the Poisson’s ratio. For these thin-
walled tubes, plane stress condition usually prevails at the crack tip. The other part, i.e., plJ is calculated using 
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plastic area under the load-displacement curve and its evaluation for a growing crack situation will be discussed 
later.  The load-line displacement iν  at the i
th
 point, up to the maximum load, is also normalized to pliν using 
the compliance data iC at the point of loading as 
( )'pli i i iv v PC W= −
  (9) 
where Ci is the elastic compliance of the specimen based on the blunting corrected crack size 
'
bia . The final 
load-displacement pair corresponding to fracture is also normalized using the same equations as above except 
that the final measured crack size 'fa  (after the specimen is break-open) is used. Once the load-displacement 
data and crack size estimates are available at each data point, the plastic part of J-integral at each data point i , 
i.e., plJ  is evaluated using the following expression 
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( 1) ( ) ( 1) ( ) ( 1)
( ) ( 1) ( 1)
( 1) ( 1)
1
2
i pl i pl i i i
pl i pl i i
i i
A A a a
J J
b t b
η γ− − −
− −
− −
ª º§ · ª º
− −
= + −« »¨ ¸ « »¨ ¸ « »« »© ¹ ¬ ¼¬ ¼
 (10) 
with η and γ are the geometric factor and the correction factor respectively for a growing crack situation. The 
details of this load-normalization technique to estimate crack growth during loading can be found in Ref. [4-6]. 
5. Results and discussion 
Specimens with different initial notch lengths (1 mm to 7mm) have been tested in order to establish the 
geometry dependent functions required for the evaluation of stress intensity factors. The experimental loading 
setup is shown in Fig. 1. Different types of specimens with different diameter and thickness values have been 
used in the FE analysis and the ( )f a W values have been evaluated as a function of a W ratio. For the 
PHWR fuel pin geometry, ( )f a W values as obtained from FE analysis and analytical methods are shown in 
Fig. 2. Based on experimental data of compliance of the specimens, the geometric function has been evaluated 
using two different analytical techniques as described earlier. The results of both the approaches are close to 
each other. However, the results are dependent upon the diameter ( D ) and the thickness ( t ) values of the 
specimens. Hence, the FE analysis has been carried out for a wide range of thickness, diameter and crack 
length values. The geometric functions for evaluation of SIF obtained from the FE analysis has been expressed 
in a generalized form as ( ), ,f a W D W t W . As an example, the ( )f a W values as a function of D and t 
for a particular crack length value of 3 mm have been shown in Fig. 3. 
 
 
Fig. 3.Variation of geometric function as a function of D and t Fig. 4.Variation of coefficient of polynomial in the expression of 
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for a crack length of 3 mm. f(a/W) as a function of D/W and thickness ‘t.’ 
Fig. 5.Normalized load-displacement curve for the cracked BWR 
(RXA) and PHWR (SRA) fuel pin specimens. 
Fig. 6.J-R curve for the BWR (RXA) and PHWR (SRA) cracked 
fuel pin specimens as obtained by load-normalization method. 
 
It can be noted that the results are highly dependent upon these additional parameters due to the geometry of 
the specimen. Hence, the function ( ), ,f a W D W t W  was expressed as polynomial consisting of 
variables as ,  a W D W and t W . The variation of one of the coefficients which is a function of D/W and 
‘t’ is shown in Fig. 4. These coefficients are in generalized form and these can be used for evaluation of SIF 
values of any tubes with different diameter and thickness values within a range of diameter from 4 to 15 mm 
and thickness values ranging from 0.3 to 1.2 mm. These shape functions along with the η andγ  functions have 
been used to derive the J-R curve from the area under the load-displacement curves as obtained from the 
experiment. The crack growth is computed indirectly using the load-normalization method as discussed earlier. 
Two sets of such cracked fuel pin specimens (i.e., BWR or RXA fuel pins and PHWR or SRA fuel pins) have 
been tested and their typical normalized load-displacement curves are shown in Fig. 5. The J-R curves of both 
set of specimens are presented in Fig. 6. It can be observed that RXA specimens have a markedly high fracture 
resistance behavior compared to the SRA specimens. The RXA Zircaloy-2 specimens were found to have better 
fracture resistance behavior due to the presence of finer grain and sub-grains in the micro-structure and absence 
of large initial dislocation density due to the re-crystallization annealing heat treatment procedure. 
6. Conclusions 
In this work, a Pin-Loaded Tension setup has been utilized to determine the fracture resistance parameters of 
different types of specimens of fuel pins with different diameter, thickness and material properties. A 3D finite 
element analysis of the whole PLT setup has been employed in order to evaluate the stress intensity factor from 
the elastic solution. Two different analytical techniques have been used to determine the necessary geometric 
function for SIF evaluation from experimental compliance data. A generalized geometric function as a function 
of ,  a W D W and t W has been derived which can be used for calculation of SIF values of cracked fuel 
pins with different diameter and thickness values within a range of diameter from 4 to 15 mm and thickness 
values ranging from 0.3 to 1.2 mm. The fracture resistance behaviors of two types of fuel pin specimens were 
also studied. The crack growth during loading was evaluated using load-normalization techniques. The RXA 
Zircaloy-2 specimens were found to have better fracture resistance behavior due to the presence of finer grain 
and sub-grains in the micro-structure and absence of large initial dislocation density due to the re-
crystallization annealing heat treatment procedure. 
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